A revised simplified relativistic configuration-interaction method is used to study the dielectronic recombination processes of He-like carbon ions. Every resonance of type 1s2Lnl has been determined for nϭ2,3. The total integrated cross sections of the dielectronic recombination are in agreement with the experimental measurements within 10%. It is found that the strong resonance peak around 283 eV consists of three important doubly excited resonance states with the dominant contribution due to two (1s2p 1 P) 3d 2 F 5/2,7/2 states, in contrast to the previous assignment of (1s2p 1 P) 3p 2 S 1/2 as the dominant resonance state.
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I. INTRODUCTION
Dielectronic recombination ͑DR͒ is a resonant radiative recombination process. When a free electron collisionally excites an ion C 4ϩ , it may lose enough energy to be captured into an unoccupied orbital nl, and one of the bound electrons of the ion C 4ϩ is excited from the initial 1s orbital into the 2L orbital forming a doubly excited resonance state 1s2Lnl. Subsequently, the doubly excited resonance state decays into states of C 3ϩ through radiative transition processes. DR processes are fundamental recombination processes because of their importance in influencing the ionic balance in hightemperature plasmas and for understanding the dynamics of the solar corona ͓1͔. Furthermore, their radiative emissions have significant effects on plasma cooling as well as the plasma diagnostic spectrum in fusion plasmas. Therefore they attract considerable interest from both experimental and theoretical researchers.
There are many theoretical methods by which to calculate the DR processes, such as distorted wave methods ͓2,3͔, close-coupling methods ͓4,5͔, relativistic close coupling using the Breit-Pauli R-matrix method ͓6͔, and single-and multiconfiguration methods ͓7-14͔. In these calculations ͓7-10͔, it is generally tedious work to obtain all the accurate DR rate coefficients because they involve many doubly excited resonance states. Most calculations either neglect the high-lying doubly excited states or simply use the n Ϫ3 law to extrapolate for high-lying doubly excited states based on quantum defect theory ͑QDT͒ ͓8,15-17͔. However, in the framework of QDT, we have developed a simplified relativistic configuration-interaction ͑SRCI͒ method to treat the high-lying doubly excited states by interpolations instead of extrapolations ͓11-14͔. We have calculated the DR cross sections of H-like helium ions ͓12͔ and argon ions ͓13͔ and obtained good agreement with experimental results. Recent experiments on DR between electrons and He-like carbon ions have been performed by Mannervik et al. ͓18͔ with an energy resolution of 0.1 eV, which requires more accurate theoretical calculations. This present paper presents our theoretical study of DR processes between electrons and He-like carbon ions. To treat the electron correlations properly, it is important to include more configuration interactions, such as the orbital angular momentum correlations ͑i.e., l mixture͒. Thus, in this paper, we have developed a revised SRCI method including the orbital angular momentum correlations. Comparing the theoretical results calculated by the revised SRCI method (l mixture͒ with those calculated by the SRCI method ͑without l mixture͒, we find the orbital angular momentum correlations are important for detailed description of the peak positions and line shapes, even for the integrated cross sections. Both the integrated cross sections and the detailed line shapes are in good agreement with the experimental results ͓18͔ and also agree with the recent calculated results of Pradhan and Zhang ͓6͔. Then we can give clear assignments of all the resonances for 1s2Lnl with n ϭ2,3. For example, the resonance peak around 283 eV was identified as the only resonance state (1s2 p 1 P)3p 2 S in other theoretical work ͓18,19͔, while in our calculation we find this resonance peak consists of the three major states (1s2 p 1 P)3d 2 F 5/2,7/2 and (1s2 p 1 P)3p 2 S 1/2 , and the integrated cross section of 2 F (ϳ63) is larger than that of 2 S(ϳ7) ͑the units of the integrated cross section are 10 Ϫ21 cm 2 eV throughout this paper, unless specified otherwise͒. The integrated cross section for these three states is 70.5, which is in fair agreement with the experimental result (ϳ89) ͓18͔. A more detailed analysis will be discussed in Sec. III. Because of its relativistic treatment, our revised SRCI method is applicable for arbitrary high-Z ions with much less computational effort and it can meet the needs of relevant applications.
II. THEORETICAL METHOD AND RESULTS
The DR process of C 4ϩ is expressed as
where the C 4ϩ ion in the initial state i, with the major configuration 1s 2 , captures a free electron with a specific energy ⑀ i and forms the C 3ϩ ion in the doubly excited resonance state j with the major configuration
and S c are the orbital angular momentum and spin quantum numbers for the C 4ϩ ion and L t and S t are the total orbital angular momentum and spin quantum numbers for the C 3ϩ ion͒. Under the isolated resonance approximation, the DR cross sections for any doubly excited resonance states can be expressed as
where m e is the mass of the electron. g i and g j are the statistical weights of the states i and j, respectively. A ji a is the Auger decay rate ͑inverse resonance capture process͒, which can be calculated by the Fermi golden rule. A jk r is the radiative rate from the upper state j to the lower state k. The summation iЈ is over all possible lower states of C 4ϩ , and the summation kЈ is over all possible lower states of C 3ϩ . The atomic wave function for the state j is expressed as
Here (⌫ d ) is the configuration wave function. ⌫ denotes the quantum numbers of the configuration ͟ i (n i , i ) i with a certain coupling scheme, where n i , i , i are the principal quantum number, the combined quantum number of (l, j), and the occupation number, respectively. It is constructed as antisymmetrized product-type wave functions from centralfield Dirac orbitals with the appropriate angular momentum coupling ͓20͔. All relativistic single-electron wave functions ͑bound and continuum͒ are calculated based on the atomic self-consistent potential obtained from the ground-state configuration (1s 2 2s 2 S 1/2 ) for C 3ϩ ͓21,22͔. In the SRCI method, the summation is over all configuration wave functions with the same principal quantum number n and the same orbital angular momentum quantum numbers (L,l (L,l) are added into the summation ͑i.e., l mixture͒. The mixing coefficients C jd for state j are obtained by diagonalizing the relevant Hamiltonian matrix ͓20͔.
We neglect the configuration interactions between bound states with different n and continuum states. Then we have
where the Auger decay matrix element M i jd a is defined as
͑5͒
Here ⌿ i⑀ i consists of the C 4ϩ ion state wave function and a single-electron wave function in the continuum.
Based on QDT, when (L,l) are fixed and n varies from bound to continuum states, all the doubly excited resonance states with the same total angular momentum J and coupling scheme will form a channel. In the channel, the energynormalized matrix element can be defined as
here ( n 3 /q 2 ) is the density of states, n ϭnϪ n , and n is the corresponding quantum defect. This energy-normalized matrix element M i jd a varies smoothly with the electron orbital energy in the channel ͓11,12͔. When the M i jd a of a few states ͑including one continuum state͒ in a channel have been calculated, the Auger decay matrix elements of infinitely many discrete states of that channel can be obtained by interpolation. On the other hand, the mixing coefficients C jd in Eq. ͑4͒ are almost unchanged for states with large n within a channel ͓12͔. We can use the mixing coefficients of a state with a certain high principal quantum number n to approximate those of states with higher principal quantum number. From Eq. ͑5͒, the Auger rates and capture rates ͑by detailed balance͒ of the infinitely many doubly excited resonance states can be conveniently obtained.
The doubly excited resonance state may autoionize with a rate A ji a by reemitting an Auger electron or decay radiatively into a lower-energy state k with a radiative rate A jk r , which is defined as
where is the photon energy and the radiative transition matrix element is defined as
͑8͒
For a radiative process with a certain final state k, when (L,l) are fixed and n varies from bound to continuum states, all the doubly excited resonance states with the same J and coupling scheme will form a channel. In the channel, the energy-normalized radiative transition matrix element is defined as
This energy-normalized matrix element M jk r varies slowly with the electron orbital energy ͓12,23,24͔. When the M jk r of a few states ͑including one continuum state͒ in a channel have been calculated as benchmark points, all the energynormalized matrix elements M jk r of infinitely many discrete states in that channel can be obtained by interpolation ͓23,24͔. From expression ͑7͒, we can obtain all the radiative rates in the channel. For a certain initial state, the energynormalized transition matrix element may have nodes, at which the matrix element is equal to zero ͓25͔. In this case, the interpolation should be carried out for the energynormalized transition matrix elements and not for the radiative rates ͑i.e., it is proportional to the square of the transition elements͒.
The resonance energy ⑀ i can be calculated under the frozen core approximation ͓26͔. Specifically, we can calculate the energy difference ⌬E ic between the total energy E i of the doubly excited state 1s2Lnl of C 3ϩ and the total energy E c of the excited state of C 4ϩ ͑the corresponding threshold͒ by the revised SRCI method. On the other hand, the excitation energy ⌬E c of the excited states of C 4ϩ can be obtained from either an experimental or another independent theoretical result. Then the resonance energy ⑀ i can be calculated as ⌬E c ϩ⌬E ic , with a certain accuracy. The doubly excited resonance states with different principal quantum number n, corresponding to the same threshold and coupling scheme form a channel. Based on a finite set of benchmark values of the quantum defect in the channel, which are calculated by the revised SRCI method, the quantum defects and the energies of the infinitely many doubly excited states in the channel can be obtained by interpolation according to the quantum defect theory.
In order to compare with the experimental results, the calculated cross section should be convoluted with a Gaussian distribution of an energy resolution ⌫, which is the summation of the experimental width ⌫ T and the natural width
where
͑11͒
The convoluted cross section is
We have calculated the DR processes of He-like carbon ions and compared the calculated results with the experimental results for the doubly excited states 1s2Lnl with n ϭ2,3, as shown in Table I , Fig. 1͑a͒, and Fig. 2͑a͒ . Both the integrated cross section and the line shapes are in agreement with the experimental results. Every resonance has also been identified.
In Table I , we have compared our calculated energy positions and integrated cross sections of the major doubly excited states with other theoretical ͓18,19͔ and experimental results ͓18͔. They agree with each other in general. For example, for the weak resonance peak around 227 eV assigned as the resonance state 1s2s 2 2 S 1/2 , our calculated integrated cross section (ϳ0.7) is in good agreement with the experimental result (ϳ0.7). In our revised SRCI method, the wave function in Eq. ͑3͒ of the resonance state with the major configuration 1s2s 2 2 S 1/2 consists of two important configuration wave functions, 1s2s 2 2 S 1/2 and 1s2 p 2 2 S 1/2 , so this resonance state can radiatively decay into 1s 2 2p 2 P 1/2,3/2 , with a nonzero radiative matrix element. As shown in Table  II , the radiative transition rate for the resonance state 1s2s 2 2 S 1/2 is 3.0ϫ10 10 ͑the units of the transition rate are sec Ϫ1 throughout this paper, unless specified otherwise͒. Furthermore, the configuration interactions influence not only the transition matrix elements ͑i.e., the cross sections͒, but also the energy positions ͑i.e., the resonance energies͒. For instance, the resonance state with the major configuration 1s2p 2 2 S 1/2 can consist of two configurations, namely, 1s2 p 2 2 S 1/2 and 1s2s 2 2 S 1/2 . The configuration interactions can change the resonance energy position of the resonance state 1s2 p 2 2 S 1/2 . In addition, in our calculation, we have found some doubly excited states, which are very important in DR processes, that have been overlooked in other theoretical work ͓18,19͔. For instance, the resonance peak around 242 eV was identified as 1s2 p 2 2 D in Ref.
͓18͔, but in our calculation this peak consists of three major doubly excited states, 1s2p 2 2 D 3/2,5/2 and 1s2 p 2 2 P 3/2 , because of our fully relativistic treatment ͑i.e., configuration interactions through the orbital-spin interactions, which can be regarded as the ''relativistic effect'' in Ref. ͓27͔͒. The integrated cross section of these three states is 42.9, in agreement with the work of Bellantone and Hahn (ϳ42) ͓19͔ and the experimental result (ϳ37) ͓18͔. The wave function in Eq. ͑3͒ of the resonance state with the major configuration 1s2p 2 2 P 3/2 consists of two important configuration wave functions, namely, 99% of 1s2 p 2 2 P 3/2 and 0.36% of 1s2 p 2 2 D 3/2 . The resonance state can be formed from the initial state 1s 2 by capturing a free d 3/2 electron, with nonzero capture matrix element. As shown in Table II , the Auger width for this resonance state is 0.2 ͑the units of Auger width are meV throughout this paper, unless specified otherwise͒. Similarly, the resonance peak ranging from 281.0 to 281.6 eV was previously identified as (1s2 p 3 P)3d 2 P and (1s2 p 1 P)3p 2 D ͓18,19͔, but in our calculation this peak may consist of five main doubly excited states, (1s2p 3 P)3d 2 P 1/2,3/2 ,(1s2 p 1 P)3p 2 D 3/2,5/2 , and (1s2 p 1 P)3p 2 P 3/2 . The integrated cross section of these five states is 72.3, which is in good agreement with the experimental results (ϳ73). In addition, another strong resonance peak around 283 eV was identified as (1s2p 1 P)3p 2 S in Refs. ͓18,19͔, but this calculated integrated cross section (ϳ4) ͓19͔ is obviously much smaller than the experimental result (ϳ89). In our calculation this resonance peak may consist of three major doubly excited states, (1s2 p 1 P)3d 2 F 5/2,7/2 and (1s2p 1 P)3p 2 S 1/2 . The integrated cross section (ϳ63) of 2 F is much larger than that (ϳ7) of 2 S. Our calculated integrated cross section of the three overlap states is 70.5, which is in fair agreement with the experimental result (ϳ89) ͓18͔. For more detailed analysis, we have found that the resonance states (1s2 p 1 P)3d 2 F 5/2,7/2 have a strong radiative transition rate (6.0ϫ10
10
) and nonzero Auger width ͑2.6͒. This is why these resonance states have significant contributions to the integrated cross section. In Table II The total integrated cross section for (1s2p 1 P)3d 2 F 5/2,7/2 and (1s2p 1 P)3p 2 S 1/2 is 70.5, which corresponds to the experimental result 89.0͑10͒.
III. DISCUSSION
In the present work, we have developed a revised SRCI method ͑with l mixture͒ to calculate the DR cross section for C 4ϩ . Not only the integrated cross sections but also the peak positions as well as the detailed line shapes are in agreement with the experimental measurements, as shown in Table I , Fig. 1͑a͒, and Fig. 2͑a͒ . In order to elucidate the importance of the configuration interactions with the orbital angular momentum correlations, we compare the results calculated by the revised SRCI method with the results by the SRCI method ͑without l mixture͒ as shown in Fig. 1͑b͒ and Fig.  2͑b͒ .
In Fig. 1͑b͒ , the results calculated by the SRCI method do not have any resonance peak around 227 eV owing to the resonance state 1s2s 2 2 S 1/2 . In addition, there is a significant difference of the resonance energy for the resonance state 1s2 p 2 2 S 1/2 , i.e., the calculated energy position is lower than the experimental result by about 3 eV. In Fig 1͑a͒, however, in our revised SRCI method, not only does the resonance peak owing to the resonance state 1s2s 2 2 S 1/2 appear with the integrated cross section 0.7 in good agreement with the experimental result (ϳ0.7), but also the calculated resonance energy and the profile of the resonance state 1s2p 2 2 S 1/2 are in good agreement with the experimental results ͑for more detailed explanations, see Sec. II͒. In addition, the total integrated cross section for nϭ2 calculated by the revised SRCI method is 83, which is in agreement with the experimental result (ϳ89) and better than the result of the SRCI method (ϳ78).
As shown in Fig 2͑b͒, ͑around 272 eV͒ and (1s2s 1 S)3p 2 P ͑around 277 eV͒, the energy positions calculated by the SRCI method are higher than the experimental result by about 1 eV, while in Fig.  2͑a͒ , the calculated energy positions by the revised SRCI method are in good agreement with the experimental result. For the resonance profile (1s2p 3 P)3d 2 P around 279 eV, the SRCI calculated line shapes differ greatly from the experimental result. In contrast to the experimental result, the red wing of the SRCI calculated resonance profile is sharper than its blue wing. However, in Fig 2͑a͒, the profile near 279 eV calculated by the revised SRCI method agrees with the experiment result quite well. For the resonance profile around 281 eV, the SRCI calculated energy position is lower than the experimental result by about 0.5 eV and the peak cross section is also smaller than the experimental result. In Fig. 2͑a͒ , in the contrast, profile calculated by the revised SRCI method is in good agreement with the experimental results. For the strong resonance profile around 283 eV, the SRCI calculated resonance energy is higher than the experimental result by about 1 eV, while in Fig. 2͑a͒ , the energy difference (ϳ0.6 eV) is smaller in the revised SRCI method ͑we will disscuss the details later͒. This strong peak was originally assiged as (1s2 p 1 P)3p 2 S in Refs. ͓18,19͔. In our calculation this resonance profile consists of three major In addition, in the revised SRCI method, the calculated total integrated cross section for nϭ3 is 236, which agrees with the experimental result (ϳ260) much better than does the SRCI result (ϳ160). We have also compared our calculated results with other theoretical results ͓6͔ for nϭ2,3. They agree with each other in general. The calculated energy positions in the work of Pradhan and Zhang ͓6͔ are generally redshifted. For the strong resonance profile around 283 eV, the calculated resonance energy in ͓6͔ is lower than the experimental result ͓18͔ by about 1 eV, while our calculated resonance energy is higher than the experimental result by about 0.6 eV.
Let us return to discuss the energy difference between the calculated resonance energy position ͑around 283 eV͒ and the experimental result. In our revised SRCI calculation, the energy difference changes from 1 eV to 0.6 eV after we consider the orbital angular momentum correlations. This indicates that the orbital angular momentum correlations can influence the energy positions, but not enough. Thus, if one includes the configuration interactions with different principal quantum numbers n ͑i.e., the radial correlations͒, the energy positions are anticipated to be better. Configuration interactions with radial correlations would also be important for the doubly excited resonance states (1s2Lnl) with high n. In addition, the present energy resolution of 0.1 eV is not enough to resolve the detailed structures of the resonance states 1s2Lnl with high n. Therefore, further theoretical studies are required with radial correlations and experimental studies with higher resolution.
In comparison with the work of Mannervik et al. ͓18͔ , in which about 600-1000 terms are included, much less computation effort is required in our revised SRCI method. In addition, the revised SRCI method should be applicable for arbitrary high-Z ions because of its relativistic treatment, and it can also meet the needs of relevant applications.
